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Abstract  Pollutant wash-off is one of the key pollutant processes that detailed knowledge is 
required in order to develop successful treatment design strategies for urban stormwater. 
Unfortunately, current knowledge relating to pollutant wash-off is limited. This paper presents the 
outcomes of a detailed investigation into pollutant wash-off on residential road surfaces. The 
investigations consisted of research methodologies formulated to overcome the physical 
constraints due to the heterogeneity of urban paved surfaces and the dependency on naturally 
occurring rainfall. This entailed the use of small road surface plots and artificially simulated 
rainfall. Road surfaces were selected due to its critical importance as an urban stormwater 
pollutant source.  
 
The study results showed that the influence of initially available pollutants on the wash-off process 
was limited. Furthermore, pollutant wash-off from road surfaces can be replicated using an 
exponential equation. However, the typical version of the exponential wash-off equation needs to 
be modified by introducing a non dimensional factor referred to as ‘capacity factor’ (CF). Three 
rainfall intensity ranges were identified where the variation of CF can be defined. Furthermore, it 
was found that particulate density rather than size is the critical parameter that influences the 
process of pollutant wash-off.  
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INTRODUCTION 
It is widely accepted that pollutants originating from urban surfaces dramatically alter receiving 
water quality (House et al., 1993; Novotny et al., 1985; Sartor et al., 1974). To mitigate the adverse 
impacts of stormwater pollution, it is essential to have appropriate management strategies and 
efficient treatment designs. However, the effectiveness of such mitigation measures strongly relies 
on the accuracy and reliability of stormwater quality estimation (Akan and Houghtalen, 2003; 
Zoppou, 2001). 
 
Modelling is the primary tool used for such estimations. The general architecture of typical 
modelling approaches is to replicate pollutant processes along with hydrologic processes on 
catchment surfaces. The common pollutant processes replicated in typical water quality models are 
pollutant build-up and wash-off. However, due to the lack of in-depth understanding of these 
pollutant processes and the underlying influential parameters, the estimations can be subjected to 
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gross errors (Akan and Houghtalen, 2003; Zoppou, 2001). This highlights the necessity of in-depth 
investigations into pollutant build-up and wash-off. Among these two processes, pollutant wash-off 
is the least understood at present. This is mainly due to the heterogeneity of urban surfaces and 
dependency on natural rainfall events (Egodawatta et al., 2007; Herngren et al., 2005a; Herngren et 
al., 2005b).  
 
This paper presents the outcomes of a detailed investigation into pollutant wash-off on residential 
road surfaces. The investigations consisted of research methodologies designed to eliminate the 
significant constraints due to the heterogeneity of road surfaces and the dependency on naturally 
occurring rainfall. Heterogeneity of pollutant characteristics on road surfaces was eliminated by 
using confined road stretches with uniform characteristics. It was hypothesised that the 
characteristics of influential variables are fairly uniform over a small confined area. Secondly, 
artificially simulated rainfall was employed in order to eliminate the dependency on naturally 
occurring rainfall. This approach provides better control over influential variables such as rainfall 
intensity and duration. Consequently, the use of simulated rainfall enables the generation of a large 
volume of data in a relatively short period of time (Herngren et al., 2005b). 
 
 
MATERIALS AND METHODS 
 
Study area 
Three urban road surfaces were selected from the Gold Coast region Queensland State, Australia. 
Gold Coast has a sub-tropical climate with wet summers and dry winters. All three sites were 
located in typical urban residential areas. Characteristics of the three sites are given in Table 1. The 
surroundings of all three sites was grassed and well maintained with no construction or demolition 
activities in the vicinity. Therefore, it can be assumed that the pollutants on the road surfaces would 
primarily originate from traffic and atmospheric sources. The street sweeper operates every six 
weeks within the region. The sweeper is more involved in cleaning the gutter area rather than the 
road surface where the research investigations were focused. Therefore, it can be assumed that the 
influence of street sweeping on the amount of initially available pollutants is minimal.  
 
Table 1  Characteristics of road sites 
Site Living standard/land-form Slope of the road (%) 
Texture depth of 
the surface (mm)
Lauder Court  Medium-socio-economic single detached housing  10 0.66 
Gumbeel 
Court 
Medium-socio-economic 
duplex housing  7.2 0.92 
Piccadilly 
Place 
High-socio-economic single 
detached housing 10.8 0.83 
 
Rainfall simulation 
A specially designed rainfall simulator was used to generate the artificial rainfall events. The 
rainfall simulator consists of three Veejet 80100 nozzles connected to a nozzle boom and stands at 
2.5m above the ground level. The nozzle boom swings in either direction with controlled speed and 
delay. Water is supplied to the nozzle boom by pumping from an externally located tank. De-
mineralised water spiked to replicate typical rainfall quality in the region was used for the 
simulation. The simulator was designed to re-produce natural rainfall events as closely as possible. 
Important characteristics of natural rainfall as noted in literature are rainfall intensity, drop size 
distribution and kinetic energy (Best, 1950; Hudson, 1963; Rosewell, 1986). The speed and delay of 
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the nozzle boom was calibrated in order to ensure it simulates the selected rainfall intensities. It was 
verified that the drop size distribution and kinetic energy of each event is closely replicated. Details 
on the design and operation of the rainfall simulator can be found in Herngren et al. (2005b). A 
sketch of the rainfall simulator is given in Figure 1. 
 
Experimental design and sample collection 
Study sites on the selected roads were identified which were straight sections about 50m long with 
uniform slope. Seven plot surfaces equidistant from the road edge and centre line and of area 3m2 
(2m x 1.5m) were demarcated at each site. The pollutants were assumed to be uniform throughout 
the length and width of the road as the traffic volume is relatively low and the pollutant re-
distribution would be limited. The total amount of pollutant build-up on the road surfaces was 
determined by collecting samples from the most downstream plot at each study site using a vacuum 
system. The amounts collected were 32.6g, 9.3g and 10.6g from Gumbeel Court, Lauder Court and 
Piccadilly Place sites respectively. The respective samples belonged to 77, 27 and 36 antecedent dry 
days of build-up. The validity of using a vacuum system for collecting pollutant samples has been 
confirmed in previous research (Herngren et al., 2005b; Vaze & Chiew 2002). A calibration study 
found that its overall efficiency in collecting and retaining particulates was 97% and the minimum 
efficiency recorded was 92% for 1 to 10μm particle size range.  
 
 
Figure 1  Sketch of rainfall simulator (Source: Herngren et al., 2005) 
 
The design rainfall intensities were simulated over each study plot starting from the second most 
downstream plot and moving upstream for the next rainfall intensity. Altogether, six rainfall 
intensities were simulated at each site (see Table 2). These simulation intensities were selected 
based on a statistical analysis of rainfall records for the study region. The intensity range from 
20mm/hr to 133mm/hr covers 90% of the maximum 5min rainfall intensities. The rainfall durations 
were selected based on results published by Herngren et al. (2005a). They observed that there was 
no significant wash-off of pollutants beyond a threshold rainfall duration value. The runoff samples 
were collected using a catch tray and the same vacuum system and stored in drums for transport 
back to laboratory. Sample handling and preservation was undertaken according to AS/NZS (1998).  
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Table 2  Design simulation intensities and durations 
Durations (min) Intensity (mm/hr) 
1 2 3 4 
20 10 20 30 40 
40 10 15 25 35 
65 10 15 20 30 
86 10 15 20 25 
115 5 10 15 20 
133 5 10 15 20 
 
Laboratory Analysis 
Suspended solids were adopted as the indicator pollutant. Hence, the primary emphasis was to 
determine parameters such as total suspended solids (TSS) and particle size distribution. The 
validity of this approach stems from the fact that suspended solids are not only a significant 
stormwater pollutant in its own right, but also acts as a mobile substrate in the transport of other 
stormwater pollutants such as heavy metals and hydrocarbons (Herngren et al., 2005a; Sartor et al., 
1974). Testing for TSS was undertaken according to Test Method No. 2540D (APHA, 1999). 
Particle size distribution was determined using a Malvern Mastersizer S particle size analyser. The 
analyser used was a reverse Fourier lens of 300mm diameter and was able to analyse particles in the 
range of 0.05-900µm. In this range, the manufacturer has specified a reading accuracy of ±2% of 
the median diameter (Malvern Instruments Ltd. 1997).  
 
 
RESULTS AND DISCUSSION 
Analysis of wash-off data was undertaken to develop appropriate mathematical replication 
equations and to understand the regime governing pollutant wash-off. Therefore, discussion of the 
results generated during analysis is presented in two steps. Firstly, development of mathematical 
replication equations for pollutant wash-off is discussed. Secondly, the analytical outcomes that 
describe the wash-off process are discussed. 
 
Mathematical Replication of Pollutant Wash-off 
As noted by Sartor et al. (1974), pollutant wash-off can be best replicated using an exponential 
equation. The same equation format was used as the basis for data analysis for this research. 
However, the equation proposed by Sartor et al., (1974) was modified to best replicate the observed 
wash-off. Firstly, a parameter referred to as fraction wash-off (FW) was introduced instead of the 
wash-off pollutant load. Fraction wash-off is defined as the weight ratio of cumulative wash-off 
pollutants to the initially available pollutants (build-up). Definition of FW enables the elimination of 
the influence of initially available pollutants on the wash-off process and thus, the results from 
different sites can be compared.  
 
Secondly, the exponential pollutant wash-off equation was modified by introducing the ‘capacity 
factor’ (CF). CF defines the capacity of a particular rainfall intensity to mobilise pollutants from 
road surfaces. It was observed during the field investigations that only a fraction of the available 
pollutants are mobilised during a simulated rain event and this fraction increases with rainfall 
intensity. Therefore, CF will have a value ranging from 0 to 1 depending on the rainfall intensity. 
Other factors such as road surface condition, characteristics of the available pollutants and slope of 
the road may also have an influence on CF. Final format of the wash-off equation can be written as: 
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Where: 
W Weight of the material mobilised after time t; 
W0 Initial weight of the material on the surface; 
Fw Fraction wash-off; 
CF Capacity factor; 
I Rainfall intensity; and  
k Wash-off coefficient. 
 
To use the modified wash-off equation, the parameters k and CF must be estimated. During the 
study, the best possible values for CF and k were determined using the method of least squares. The 
wash-off coefficient k is an empirical parameter with units (mm-1) and no direct physical meaning. 
Though, the optimum value for the three road sites was slightly different, it was decided to use a 
constant k value. It has been noted by Huber and Dickinson (1988) that a constant value is used for 
the SWMM model and it performs relatively well in the estimation process. The optimum k value 
obtained is 8.0 x 10-4. Optimum CF values were developed for the three sites individually. 
Furthermore, CF values were developed for the three rainfall intensity classes for each site. Figure 2 
shows the variation of optimum CF for different intensities. As seen in Figure 2, for intensity less 
than around 40 mm/hr, CF increases linearly to almost 0.5. It is hypothesised that this is due to the 
change in kinetic energy for different rainfall events. According to Rosewell (1986), the kinetic 
energy of sub-tropical storm events increase from 0 to around 25J/m2/mm for intensities from 0 to 
about 40mm/hr and beyond that, it is relatively constant at about 25J/m2/mm. It is postulated that CF 
varies linearly with kinetic energy within this range. Rainfall events with intensity more than 
90mm/hr have a greater capability to mobilise solid pollutants. It is hypothesised that this is due to 
the high degree of turbulence in the overland flow. The use of average CF values for the three sites 
is recommended. Comprehensive discussion on the development of the wash-off replication 
equation is available in Egodawatta et al. (2007). 
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Figure 2  Variation of CF with rainfall intensities 
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Understanding the physical processes of wash-off  
Understanding the mechanisms associated with pollutant wash-off is important. The factor CF 
indicates a specific rainfall event’s capacity to mobilise particulate pollutants from paved surfaces. 
CF varies with rainfall characteristics and particularly with rainfall intensity. However, the nature of 
this relationship is not clearly known. For example, in the field study it was found that a 65mm/hr 
rainfall event generally removes around 50% of the pollutants available on the road surface. It is not 
clear the exact reasons for the remainder of the 50% to remain on the road surface.  
 
In order to better understand the regime governing pollutant wash-off, the particle size distribution 
of each wash-off sample was analysed. The particle size distribution data was in volumetric 
percentages and was converted to weights. The analysis was first undertaken to understand the 
variation of particle size distribution with rainfall intensity. The average distribution of weight 
percentages is shown in Figure 3. 
 
Figure 3 leads to several important observations on the physical process of wash-off. Firstly, it 
reveals that the higher fraction of wash-off particles is in the range of 0 to 200μm. Average weight 
of the particle size range of less than 200μm was 73% in comparison to the total wash-off. The 
coarser range (>200μm), shows only fractional increments in weight when the rainfall intensity 
increases. Therefore, it is evident that the increase in wash-off load with rainfall intensity is not due 
to the increased capacity of rainfall for mobilising coarser particles. This suggests that there is a 
finer particle size fraction which is not mobilised during less intense rain events. These particles are 
subsequently mobilised when the rainfall intensity increases. It is hypothesised that this finer 
particle size range remains on the road surface due to their relatively high density.  
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Figure 3  Variation of particle size distribution 
 
Secondly, as evident from Figure 3, the pattern of variation of average particle size distribution for 
all the intensities is similar. For example, the curve for the 86mm/hr intensity is a close replicate of 
the 20mm/hr curve with a multiplier. This suggests that there is a similar particulate composition for 
all the intensities. It was observed that the variation of particle size distribution is similar for all 
three sites. This suggested that there is no variation in physical processes due to varying rainfall 
intensity and initially available pollutants on the surface.  
 
Further analysis of the particle size distribution was conducted to understand the variation of 
physical processes of wash-off as the rainfall continues. For this, particle size distribution of 
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washed-off pollutants were analysed in four duration components. The duration component selected 
is as shown in Table 2. However, in order to obtain a general variation for the three sites, the 
particle size distribution belonging to similar rainfall intensity and duration components were 
averaged. Figure 4 shows the average variation of wash-off for the 20mm/hr intensity. The 
20mm/hr intensity was simulated in four duration components, 0-10, 10-20, 20-30, 30-40 min, and 
the corresponding particle size distribution for each component is separately shown. Graphs 
obtained for other intensities were similar in variation.  
 
As evident in Figure 4, the variation of particle size distribution for different durations for any 
particular rainfall intensity show similar characteristics. For all the durations, the highest weight 
percentage of particles is in the 0-200μm range. Therefore, it can be postulated that the particulate 
composition of wash-off throughout a constant intensity rain event is fairly uniform. This would 
mean that the influence of rainfall duration on wash-off particle size distribution is not significant. 
 
It was further observed that a significant fraction of solids are being washed-off during the initial 
period of the rainfall simulations. This strengthens the concept of ‘first flush’ where the initial 
period of a runoff event produces a higher pollutant concentration peak often preceding the runoff 
peak (Duncan, 1995; Lee et al., 2002). 
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Figure 4  Wash-off particle size distribution for four durations – 20mm/hr intensity 
 
 
CONCLUSIONS 
The outcomes from this research suggest that a rainfall event has a specific capacity to mobilise 
pollutants and invariably remove only a fraction of the available pollutants. This confirms the need 
to modify the commonly adopted pollutant wash-off equation for better replication of pollutant 
removal. It is recommended that the typical exponential equation is modified by introducing an 
empirical term, referred to as the capacity factor (CF) primarily varies with rainfall intensity. 
However, for simplicity three rainfall intensity ranges were identified where the variation of CF 
can be defined. For rainfall intensities less than 40mm/hr, CF varies linearly from 0 to 0.5. For 
rainfall intensities from 40 to around 90mm/hr, CF is a constant around 0.5. Beyond 90mm/hr CF 
varies between 0.5 and 1.  
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It was evident from the analysis of particle size distribution that the solids wash-off from road 
surfaces is primarily governed by particulate density. It is easier to mobilise low density particles 
during smaller intensity rain events. Mobility of high density particles increases with rainfall 
intensity and consequently with CF. On average, 73% of road surface wash-off pollutants belong to 
the 0-200μm particle size range. It was observed that this particle size range is dominant for all the 
rainfall intensities. Furthermore, no variation in the physical process associated with wash-off was 
noted with the variation of initial pollutant availability. Variation of particulate composition of 
wash-off solids is limited with rainfall duration. It was also observed that a higher fraction of 
pollutants is removed during the initial part of the rain event. This strengthens the concept of ‘first 
flush’. 
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